Introduction

Methodological procedure of the review
The current review consists of a total of 99 biographical references (from the year 1983 to 2016). A publication search of PubMed was performed from January 1983 to December 2016. It included animal studies, clinical studies, case studies and reviews related to gabapentin misuse, interactions, toxicology and pharmacological description of gabapentin. The search terms included were gabapentin, anticonvulsant and antiepileptic.
Gabapentin has various pharmacokinetic and pharmacodynamic properties. 1 Compared to pregabalin, gabapentin is absorbed slowly after oral administration, and it has an utmost level in plasma within 3-4 hours. Besides this, oral administration of gabapentin has a saturable absorption (a nonlinear process, zero order). 1 Furthermore, the plasma level of gabapentin does not increase proportionally if its dosages are increased; gabapentin does not attach to plasma proteins. 1 Gabapentin is neither inhibited nor metabolized by hepatic enzymes; besides, gabapentin can be expelled by the renal system, and its excretion half-life is roughly 6 hours. 1 
Mechanisms of action of gabapentin
Gabapentin is an anticonvulsant drug that reduces synaptic transmission by decreasing presynaptic voltage-gated Ca 2+ and Na + channels. [2] [3] [4] Besides, gabapentin reduces exocytosis and the discharge of neurotransmitter from presynaptic terminals. 5, 6 On the other hand, another line of research reported that gabapentin decreases the formation of excitatory synapses by acting on α2-δ1 subunit of calcium channels. 7, 8 Besides, complementary research pointed out that gabapentin has specific affinity for α2-δ1 subunit, lower affinity for α2-δ2 subunit and non-affinity for α2-δ3 subunits. 9 Research about the effects of gabapentin on gamma-aminobutyric acid (GABA) neurotransmitter levels has reported inconsistent results, i.e., increase in GABA levels based on human studies, 10 but no effects have been reported in in vitro studies. 11 Moreover, gabapentin affects GABA(A), but not GABA(B) receptor responses, based on in vitro studies. 11, 12 Another study reported that gabapentin did not modify the level of glutamate, a neurotransmitter, according to human studies. 10 Moreover, studies have reported about the antagonistic effects of gabapentin on N-methyl-d-aspartate (NMDA) glutamatergic receptors 13 and protein kinase Cextracellular signal-regulated kinase 1/2 (PKC-ERK1/2) pathways.
14 Finally, it has also been reported that gabapentin did not influence the activities of glycine receptors and G-protein-coupled inwardly rectifying potassium (GIRK) channels. 13 
Gabapentin use in experimentation
Gabapentin has been used in basic and clinical investigation for the past few decades. [15] [16] [17] [18] Initially, research was focused on the treatment of epilepsy. 19, 20 Later it was explored for treating other ailments such as problems of conduct control and mental health ailments, 21, 22 amyotrophic lateral sclerosis, 23 reduction of pain, 24, 25 anxiety, 26 neuralgia, 27 restless legs syndrome, 28, 29 bipolar disorder 30 and other disorders. 31 However, it is necessary to consider that the study about the alleviation of behavioral dyscontrol after the use of gabapentin was based on a case study (n=1); it reported on a 13-year-old boy, and the reliability was limited because of the small sample size. 21 Moreover, the study about the reduction in pain after the use of gabapentin was based on a clinical study of four subjects, and the majority of these subjects (three out of four) were in the age range of 50-82 years; 25 finally, another clinical study about the alleviation of neuralgia after the use of gabapentin consisted of a very small sample size (n=1, a 78-year-old woman). 27 It is important to consider the limitations of the reliability based on these small sample sizes and the restricted ranges of ages.
The main purpose of the current work is to present an updated review about the problems related to gabapentin misuse, side effects, interactions with other drugs and use contraindications.
Problems related to misuse, abuse or dependence on gabapentin
Case clinical and large group studies suggest that gabapentin can be abused and induce health problems. [32] [33] [34] [35] [36] [37] Specifically, a study by Smith et al 37 showed that gabapentin has been misused (nonmedical use) in an adult sample from the Appalachian Kentucky (n=503). Specifically, it was reported that 15% of the subjects used gabapentin for getting high in the previous 6 months; this percentage represented a 165% increase compared to a similar study of the previous year. In addition, the participants reported the use of gabapentin an average of 25 days out of the 30 previous days. Furthermore, the two major sources of gabapentin were physicians (52%) and drug dealers (36%), and street costs were reported to be less than US$1.00 per pill. 37 In general, the methodology of this study was solid (described in more detail in another publication of the same group 38 ); the mental health aspects (including substance misuse) were assessed by trained staff using the Mini International Neuropsychiatric Interview (version 5.0), and the Diagnostic and Statistical Manual of Mental Disorders (DSM) IV criteria were used for the purpose of classification. 38 On the other hand, the reliability of the clinical study by Kruszewski et al 35 about gabapentin dependence is discrete, because it was based on a very small sample size (n=1, a 38-year-old male); moreover, the patient of this study received gabapentin under off-label prescription. On the other hand, the human investigation that reported gabapentin abuse consisted of a small number of males (n=5), ranging from 
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Gabapentin misuse and contraindications 29 to 45 years of age; 36 in addition, they were inmates in a prison and they sniffed gabapentin powder from capsules. Hence, there are limitations for generalizing these findings to a broader population because of the small sample size and the special group reported (inmates).
A study by Baird et al 39 in Scotland used a questionnaire-based survey (n=129) for exploring gabapentinoids (gabapentin and pregabalin) and other substance abuse. The investigation reported that 22% of participants (29/129) showed gabapentinoid abuse. Furthermore, a significant portion of these subjects (38%, 11/29) abused gabapentinoids for potentiating the dose of methadone. An analysis of the information showed that approximately one-fifth of the participants (25, 19%) employed gabapentin without prescription. A limitation of this study was the lack of validation of the questionnaire employed.
Another study evaluated the misuse of gabapentin based on the analysis of information posted in web pages. 40 It included monitoring of posted information on a daily, weekly or monthly basis (depending on the relevance of the content). For the initial search criteria, the study searched on eight European languages (English, German, Spanish, Italian, Dutch, Norwegian, Finnish and Swedish). Regarding the information posted about gabapentin in the web sites, these were some of the descriptions: 40 • Gabapentin has powerful sedative and psychedelic effects.
• Gabapentin was sold on the web without the need of a medical prescription.
• It is a very complete pharmaceutical substance, and its effects are like super amphetamine rush.
• Gabapentin can induce dissociations such as those found on dextromethorphan (only on head and hands).
• Gabapentin helps in becoming very active, friendly, talkative and disinhibited.
• Gabapentin can be combined with other drugs such as baclofen, cannabis, alcohol, selective serotonin reuptake inhibitors, lysergic acid diethylamide, amphetamine and gamma-hydroxybutyric acid.
Some of the limitations in this study were as follows: 40 the omission of other languages (for instance, Portuguese, Japanese and others in Asia and Africa) for the initial screen of web pages (hence, overlooking some studies). Moreover, because it relied more on the information posted on web pages, it is difficult to verify the veracity of the statements posted on the web. For instance, there is an absence of any questionnaire or biographical data confirming the participants' health status. This study can be considered more a descriptive study (qualitative) rather than a quantitative study, making it impossible to have a statistical index of reference. A study in Scotland (Tayside region) reported an increase in the number of patients asking for gabapentin and in the number of prescriptions released. 32 Moreover, it was reported that from those subjects attending misuse services for at least 4 years (n=252), 5.2% had a prescription for gabapentin (average dose of 1343 mg). In addition, these subjects were at least three times more likely to accept the misuse of analgesics (P=0.006). 32 A Finnish study investigated all the cases in which pregabalin or gabapentin was found in postmortem toxicology analysis of medicolegal deaths (years 2010 and 2011). 41 Gabapentin was found in 43 cases. Moreover, drug abuse was associated with 18.6% of the gabapentin findings. Gabapentin poisoning accounted for 4.7% of all the gabapentin-related deaths. For those with drug abuse problems, 12.5% showed gabapentin poisoning.
Finally, in the gabapentin abuser group, 87.5% of the cases showed concomitant opioid use. 41 As a reference, some authors consider that pregabalin is more addictive than gabapentin because of pregabalin's rapid absorption and faster onset of action. 41 On the other hand, a descriptive analysis of a database cases (EudraVigilance) about gabapentin misuse, dependence or abuse (years 2004-2015) was performed by Chiappini and Schifano, 42 which reported 4.8% of gabapentin misuse, dependence or abuse; subjects were mainly women. A total of 86 gabapentin fatalities were found, and the majority consisted of a combination of gabapentin and opioids.
Moreover, another investigation on former inmates (n=250) found a 16% lifetime prevalence of gabapentin misuse. 43 Furthermore, a strong relationship between opioid use disorder and gabapentin abuse was found; specifically, 26% of patients with opioid use disorder reported gabapentin abuse, but only 4% of patients without the opioid use disorder reported gabapentin nonmedical use.
Finally, an Internet survey (UK, n=1500) evaluated the lifetime prevalence and frequency of gabapentin misuse. 44 The researchers found a 1.1% lifetime prevalence of gabapentin misuse.
Side effects caused by gabapentin
If a clinician is planning to employ gabapentin for treating a drug-related problem, it is necessary to consider its potential side effects. A review of different studies describes side effects such as teratogenic effects (rodent studies), [45] [46] [47] central hypoventilation and/or respiratory failure, 48, 49 58 however, other studies in nonhuman species 59 and human beings 60 did not find teratogenic effects (this topic is discussed further at the end of this section). Nevertheless, the studies that reported gabapentin induction of central hypoventilation were clinical studies with small sample sizes (n=1, a 74-year-old female, 48 and n=1, a 69-year-old male); 49 therefore, the reliability of these findings is discrete. Also, the clinical study that reported visual field defects induced by gabapentin included a very small sample size (n=1, a 52-year-old woman), implicating limitations on reliability. 50 The studies that reported myopathy caused by gabapentin also have a small sample size (n=1, an 85-year-old female 51 and n=2 52 ); then, the reliability of these findings is discrete. Finally, the study about self-harm and suicidal behavior induced by gabapentin has to be considered with discretion, because it was a single case study (n=1, a 21-year-old male). 53 Another set of studies did not find teratogenic effects of gabapentin; specifically, an investigation evaluated the effects of gabapentin across different species (mice, rat and rabbits). Gabapentin was administered during gestation, and it was not teratogenic in mice (up to 3000 mg/kg) and rats (up to 1500 mg/kg); in the rabbit group, some effects were found (one died, four aborted, reduced food consumption and body weight gain) at the 1500 mg/kg dose, but the author concluded that there were no teratogenic effects. Another study in pregnant women (n=44) found no differences compared to the general population or women with epilepsy in terms of maternal complication, cesarean section, miscarriage, low birth weight or malformation. 60 Some limitations of the studies about Gabapentin and teratogenicity have been the small sample size, 61, 62 and the use of multiple drugs (medical polydrug regimen) in the studies; these factors limit the generalization of the results. 62 Moreover, as personal opinion, the teratogenic effects can be observed not only at gestation or early postnatal stages but also at later stages (for instance, adolescence), and these later stages should be explored in future research. As a reference, a review cited a study about altered cognitive function after early postnatal stage caused by gabapentin. 62 On the other hand, a recent review by Verrotti et al 61 suggested an important distinction between old and new antiepileptic drugs in terms of teratogenicity: new antiepileptic (such as gabapentin) drugs have a low risk of major congenital malformations compared to old antiepileptic drugs.
Another review about clinical trials of gabapentin stated that the most common side effects of gabapentin were somnolence (20%), dizziness (18%), ataxia (13%) and fatigue (11%). 63 Moreover, another large study that used gabapentin as adjunctive therapy for seizure control reported that the most common side effects were somnolence (15.2%), dizziness (10.9%) and asthenia (6.0%). 64 Finally, some authors consider that higher doses of gabapentin can be used and its side effects can be still avoided; 65 the variations in the effects of gabapentin can depend more on the route of administration.
66,67
The interactions between gabapentin and other drugs Lack of interactions between gabapentin and other drugs Different research studies have stated that gabapentin could either interact or lack interactions with other drugs. In general, some studies have shown that gabapentin is an antiepileptic drug with a low profile of interaction with other drugs. 68, 69 Specifically, a general review stated that gabapentin lacks interactions with hepatic enzymes, plasma proteins and other drugs; these factors make gabapentin suitable for elderly patients suffering from hepatic diseases. 68 Furthermore, a review about drug combinations for treating epilepsy concluded that gabapentin did show a low profile of pharmacokinetic and pharmacodynamic interactions with other antiepileptic drugs. 69 Another review about drug combinations for alleviating epilepsy concluded that gabapentin has a more favorable pharmacokinetic profile, but it is not totally exempt from interactions with other drugs. 70 Moreover, these authors also concluded that gabapentin can be useful for particular patient groups such as patients with cancer, transplants, anticoagulant treatments and HIV infection. 70 Finally, another review about drug combinations for alleviating epilepsy concluded that gabapentin is a drug with few interactions because of its pharmacokinetic characteristics; gabapentin has low binding to blood albumin, renal excretion or metabolization (by noncytochrome P450 or uridine glucuronyl transferases). 71 On the other hand, a mice study reported that the combinations of gabapentin with antidiuretic drugs (such as ethacrynic acid and hydrochlorothiazide) do not alter the anticonvulsant activity of gabapentin (either single or chronic doses of antidiuretics). 72 Moreover, other experimental studies showed the lack of pharmacokinetic interactions between gabapentin and Journal of Experimental Pharmacology 2017:9 submit your manuscript | www.dovepress.com
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Gabapentin misuse and contraindications contraceptive drugs (norethindrone acetate and ethinyl estradiol) 73 and antiepileptic drugs (valproate, carbamazepine 74 and phenobarbitone 75 ). Another study confirmed that gabapentin lacks pharmacokinetic interaction but shows pharmacodynamic interaction with the antiepileptic drug topiramate. 76 Finally, a study on the interactions between gabapentin and morphine reported inconsistent results. Specifically, a rodent study reported lack of pharmacokinetic interactions, 77 but other rodent studies showed the presence of pharmacodynamic interactions (behavioral synergism). 78 However, other human investigations showed pharmacokinetic and pharmacodynamic interactions between morphine and gabapentin. 79 
Remarkable interactions between gabapentin and other drugs
Other investigations probed the interactions between gabapentin and others drugs. For instance, a mice study reported motor impairment because of the interactions between gabapentin and losartan. 80 Another mouse study reported disruption of motor performance (based on the chimney test) because of the interactions between gabapentin and ethacrynic acid (diuretic drug). 72 Moreover, different clinical studies have reported interactions between gabapentin and morphine, and a further induction of side effects. 81, 82 Specifically, a clinical study (n=1) stated that this interaction induced somnolence, chorea, spatiotemporal disorientation, visual hallucinations and a single episode of psychosis. 81 However, the generalization of this finding to a broader population is discrete because of the very small sample size (n=1, an 82-year-old female). 81 Another study by a German group reported that volunteers who received the combination of gabapentin and morphine showed a higher number of side effects compared to other subjects who received either drug alone, but this tendency did not reach significant levels; the most marked side effects observed in this study were somnolence, dizziness and nausea. 82 Basic and clinical studies have shown that gabapentin's anticonvulsant properties can be modified because of the interaction with other drugs. For instance, the combination with caffeine can reduce gabapentin's anticonvulsant effects. 83, 84 Furthermore, caffeine was able to decrease the electroconvulsive threshold, previously augmented by gabapentin at a 200 mg/kg dose; the rise in threshold induced by another dose of gabapentin (23.1 mg/kg) can only be decreased by the administration of chronic caffeine. 83 Moreover, another mice study found that the administration of acute or chronic caffeine (0.12-0.24 mmol/kg) decreased the protective potential of gabapentin. 84 These studies together suggest a more strict monitoring of caffeine intake by epileptic patients.
On the other hand, another mouse study showed that carvedilol (a beta-adreno receptor antagonist) can also interact with gabapentin, augmenting its anticonvulsive activity; 82 this suggests a potential useful combination for treating epilepsy. The other mice studies reported a reduction in gabapentin anticonvulsant efficacy after the combination with the antidepressant drug, sertraline. 85 Other studies have shown that the interactions between gabapentin and other drugs can be useful for alleviating pain problems. For instance, the combination of lower doses of gabapentin and tramadol can synergistically decrease the experience of pain; moreover, this analgesic effect is dose dependent when administered locally, spinally or orally. 83 In effect, this combination can reverse formalin-induced nociception, and it can be useful for clinical treatment of inflammatory pain. 83 Another rat study found a synergistic interaction between gabapentin and metamizol in the rat formalin test; specifically, the oral administration of both drugs dose-dependently decreased flinching behavior during the second phase of the formalin test; this suggests to explore further the combination of gabapentin and metamizol for alleviating human inflammatory pain. 84 Other clinical studies showed interactions between gabapentin and other antiepileptic drugs such as phenytoin, 86 and mefloquine. 87 One of the effects of mefloquine in the nervous system is to block gap junction synapses. 88 Nevertheless, because the phenytoin study cited was a single clinical case study (a 26-year-old male), its reliability is discrete. 86 In addition, the interaction between gabapentin and antacid substances such as magnesium oxide 89 and cimetidine has been demonstrated; 90 specifically, cimetidine reduced 12% of gabapentin's clearance by decreasing its glomerular filtration rate 90 (as a reference, cimetidine is an antagonist of the histamine H2 receptor, reducer of stomach acid production and an adjunctive therapy candidate for treating the early stage of Lyme disease 91 ). Finally, other medical drugs that interact with gabapentin are naproxen 92 (nonselective nonsteroidal anti-inflammatory 93 ) and sevelamer 94 (a reducer of serum uric acid concentrations in hemodialysis patients 95 ); as a reference, the interaction between sevelamer and gabapentin is moderate, and the main consequence is a decrease in gabapentin effects. 94 Journal of Experimental Pharmacology 2017:9 submit your manuscript | www.dovepress.com
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Quintero Some contraindications for gabapentin use in patients with muscular problems Some reports have warned about the use of gabapentin in patients with myasthenia gravis 96 or myoclonus problems. 97 Specifically, a clinical study reported symptoms similar to those found in the myasthenia gravis (ocular weakness, facial weakness, masticatory weakness, fatigue and elevated level of acetylcholine receptor antibodies in the serum) after gabapentin treatment (400 mg/day). 96 Moreover, the patient improved his health after pyridostigmine therapy and gabapentin withdrawal. This suggests that gabapentin could worsen the symptoms of patients with myasthenia gravis. In a rat study, 96 the rats underwent experimental autoimmune myasthenia gravis or control treatments and received gabapentin (150 mg/kg). After gabapentin treatment, the rats of the experimental group showed a decrease in electrophysiological responses (amplitude ratio after repetitive nerve stimulation) compared to control rats. 96 Another human study reported worsening or onset of myoclonus after gabapentin treatment (1.9%). 97 Specifically, these patients experienced development or worsening of myoclonus within 2 weeks after starting gabapentin treatment. The doses related to these problems ranged from 600 to 1800 mg. After the discontinuation of gabapentin or clonazepam regimen, the myoclonus ceased without major consequences.
97
General conclusions
Conclusions about problems related to misuse, abuse or dependence to gabapentin Individual clinical studies and large sample studies reported that gabapentin can be misused or abused and can generate general health problems. Different reasons for an inadequate use of gabapentin are as follows: motivation for getting "high", alleviation of opioid withdrawal symptoms and potentiating a methadone high. A strong relationship between opioid use disorder and gabapentin abuse has been reported (a study in former inmates). 43 Problems related to the inadequate use of gabapentin can lead to toxicity and death (Finnish study 41 ).
The prevalences of problems related to gabapentin use described in different studies are in the range of 1.1-19%: 1.1% lifetime misuse (online UK survey), 44 4.8% misuse/abuse or dependence (EudraVigilance database), 42 15% misuse (Appalachian study in Kentucky), 37 16% misuse (former inmates) 43 and 19% use without prescription (Scotland study).
39
Conclusions about the side effects caused by gabapentin
Some of the side effects related to gabapentin are teratogenicity, hypoventilation, respiratory failure, deficits in visual field, myopathy, self-harm behavior, suicidal behavior, mitochondrial toxicity, somnolence, dizziness and asthenia. The gabapentin route of administration is a relevant factor influencing side effects. Nevertheless, another set of studies has reported the absence of teratogenic effects of gabapentin; 59, 60 additional investigations with larger sample sizes and screening teratogenic effects in posterior developmental stages are necessary (e.g., after early postnatal development). It is also necessary to conduct further studies with larger sample sizes on the effects of gabapentin on visual field defect, risks of misuse, myopathy, self-harm and suicidal behavior; the related studies so far have been mainly with small sample sizes.
Conclusions about the interactions between gabapentin and other drugs
The studies about gabapentin interactions showed varied results. Different reports suggest that gabapentin has a low profile of interaction with other drugs, 68, 69 hepatic enzymes 68 and plasma proteins. 69 In addition, gabapentin is recommended for special groups such as elderly patients suffering from hepatic diseases, 68 patients with cancer, and others. 70 On the other hand, different investigations have reported that gabapentin could show interactions with other drugs such as losartan 80 and ethacrynic acid 72 and induce motor impairment (mice studies). In addition, gabapentin can interact with caffeine and diminish its anticonvulsant effects (mice studies). 83, 84 Gabapentin can interact synergistically with tramadol or metamizol for alleviating pain. In addition, gabapentin can interact with antiepileptic drugs (phenytoin, mefloquine), 86, 87 antacids (magnesium oxide, cimetidine), 89, 90 nonselective nonsteroidal anti-inflammatory drugs (naproxen), 92 reducer of serum uric acid concentrations (sevelamer) and morphine.
Conclusions about some contraindications for gabapentin use
Some clinical studies have warned about the use of gabapentin in conditions such as myasthenia gravis 96 and myoclonus problems; 97 even, gabapentin can induce symptoms similar to myasthenia gravis (ocular-facial-masticatory weaknesses, fatigue, and others). 96 In addition, a basic mice study reported that rodents with an experimentally induced myasthenia 
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Gabapentin misuse and contraindications gravis experienced changes in electrophysiological responses after gabapentin treatment. 96 Another clinical study suggests that gabapentin can induce or worsen myoclonus. 97 
Summary of conclusions
The main reasons for gabapentin misuse are getting "high", alleviating opioid withdrawal and potentiating methadone. The prevalence of problems related to gabapentin use ranges from 1.1% to 19%. Gabapentin inadequate use can lead to toxicity and mortality.
Gabapentin can induce diverse side effects such as teratogenicity, hypoventilation, respiratory failure, deficits in visual field, myopathy, self-harm behavior, suicidal behavior, mitochondrial toxicity, somnolence, dizziness and asthenia; these can be related to the route of administration. However, it seems necessary to conduct more studies with larger sample sizes for confirming these effects.
Gabapentin can interact with losartan, ethacrynic acid, caffeine, phenytoin, mefloquine, magnesium oxide, cimetidine, naproxen, sevelamer and morphine. Gabapentin use is contraindicated in patients with myasthenia gravis or myoclonus.
